Resolution improvements in dipolar resonant excitation have been examined in a round-rod quadrupolar collision cell for values of the Mathieu characteristic exponent ␤ equal to n/p, where n and m are small integers (prime ␤ values) versus other ␤ values where n and p are not small (ordinary␤ values). The trajectories of ions moving in the time-varying electric fields of a quadrupole with and without buffer-gas molecules were calculated to determine the relationship of prime and ordinary ␤ values to frequency resolution for resonant ion excitation and ejection. For prime ␤ values, the ion trajectory in the hyperbolic quadrupole field will be exactly periodic with a period of at most 4p/⍀, where ⍀ is the angular frequency of the main drive radio-frequency ( . By scanning the RF voltage, trapped ions may be ejected one m/z ratio at a time out of the confining electric field for detection. While the ions are confined, ion-molecule reactions may be carried out. Additionally, the kinetic energy of the trapped ions can be increased by applying a dipolar AC potential that is resonant with the secular frequency of the motion of ions ( 0 ) of one or more m/z values. This increased kinetic energy can be used to selectively eject the ions from the trapping field, or to add internal energy to the confined ions through collisions with a neutral gas added to the trap. This dipolar resonant excitation has been a common method for performing mass-selective ejection and fragmentation of ions confined in Paul traps and, more recently, in linear ion traps [2] [3] [4] . The theory of instability space, as it relates to auxiliary AC excitation in a linear and 3D quadrupole trap for quadrupolar resonant excitation, has been addressed [5] [6] [7] . The trajectories of ions in a linear ion trap with dipolar auxiliary excitation have been examined by Franzen [8]; those for hyperbolic and circular quadrupole rods with and without collision gas by Collings et al. [2].
Resolution improvements in dipolar resonant excitation have been examined in a round-rod quadrupolar collision cell for values of the Mathieu characteristic exponent ␤ equal to n/p, where n and m are small integers (prime ␤ values) versus other ␤ values where n and p are not small (ordinary␤ values). The trajectories of ions moving in the time-varying electric fields of a quadrupole with and without buffer-gas molecules were calculated to determine the relationship of prime and ordinary ␤ values to frequency resolution for resonant ion excitation and ejection. For prime ␤ values, the ion trajectory in the hyperbolic quadrupole field will be exactly periodic with a period of at most 4p/⍀, where ⍀ is the angular frequency of the main drive radio-frequency (RF) potential. n a 3D quadrupole ion trap (Paul trap) mass spectrometer, ion storage and confinement are accomplished by the application of a time-dependent, radio-frequency (RF) electric field [1] . By scanning the RF voltage, trapped ions may be ejected one m/z ratio at a time out of the confining electric field for detection. While the ions are confined, ion-molecule reactions may be carried out. Additionally, the kinetic energy of the trapped ions can be increased by applying a dipolar AC potential that is resonant with the secular frequency of the motion of ions ( 0 ) of one or more m/z values. This increased kinetic energy can be used to selectively eject the ions from the trapping field, or to add internal energy to the confined ions through collisions with a neutral gas added to the trap. This dipolar resonant excitation has been a common method for performing mass-selective ejection and fragmentation of ions confined in Paul traps and, more recently, in linear ion traps [2] [3] [4] . The theory of instability space, as it relates to auxiliary AC excitation in a linear and 3D quadrupole trap for quadrupolar resonant excitation, has been addressed [5] [6] [7] . The trajectories of ions in a linear ion trap with dipolar auxiliary excitation have been examined by Franzen [8] ; those for hyperbolic and circular quadrupole rods with and without collision gas by Collings et al. [2] .
In tandem mass spectrometry (MS/MS), resolution of the product ions is sometimes crucial as many fragments have similar m/z values [9 -15] . Unambiguous product-ion assignment often requires better than unit-mass resolution to resolve "isobaric" interferences, which are particularly acute when the analyte is the minor component. Two factors that degrade m/z resolution after dipolar resonance excitation are increasing collisions with buffer-gas molecules [2] and increasing dipolar voltage amplitude [16] . One method to increase resolution is to excite the ions in such a way to reduce the frequency composition and the periodicity of the ions' motion in the electric field. In the present study, we used simulation software to determine the trajectories of ions [17] moving in a time-varying electric field and colliding with buffer-gas molecules in a linear quadrupole reaction cell with the instrumentally common and practical round-rod geometry.
It is a common misconception that an ion trajectory within the quadrupolar field is necessarily aperiodic. As we will show below, provided that the Mathieu char-acteristic exponent ␤ is a fraction n/p of integers, then the ion trajectory is exactly periodic with a period of at most 4p/⍀, where ⍀ is the RF angular frequency. Under the influence of a resonant dipolar AC field, such an ion, with a ␤ value of n/p ratio, where n and p ϭ 1, 2, 3, . . .7 and here defined as having a prime ␤ value, should experience a faster linear increase in its radial amplitude than an ion with a ␤ value comprising n and p values that are not small integers, i.e., having an ordinary ␤ value. Practically, the integer range for p is limited to one to seven, inclusive, to clearly observe the aforementioned improvements in resolution, ejection time, and simplicity of the ion trajectory. The scope of this study is limited to the first stability region, so ␤ Ͻ 1 and n Ͻ p. For the sake of convenience, the ion trajectory resulting from a prime ␤ value is referred to here as a prime trajectory; similarly, that resulting from an ordinary ␤ value as an ordinary trajectory. Operation at prime ␤ values thus allows for shorter ion ejection times and fewer ion-molecule collisions, which normally decrease resolution. The simpler ion trajectory should also narrow the bandwidth of the frequency response profile (FRP), which is a plot of the ion ejection time versus the auxiliary AC angular frequency, and increases resolution. This strategy for resolution enhancement should be particularly effective when the ion ejection rate is faster than the ion-neutral collision rate. The instrument in which this condition can readily be met is the linear ion trap [2] .
Most 2D quadrupoles employ circular as opposed to hyperbolic rods. Here, resolution considerations are even more germane, as deviation from the hyperbolic geometry creates additional higher-order electric fields, i.e., octapolar, etc. [2, 18 -20] . Some of these higherorder fields are off-resonant with the ion's secular motion, while the ion is stable in the quadrupolar field. These off-resonant higher-order fields increase in strength radially. As an ion becomes excited during resonance with the quadrupolar field and its trajectory envelope expands and approaches the quadrupole rods, it loses energy in the region proximal to the rods as a result of strengthening higher-order fields. This loss of energy leads to a decrease of the ion's trajectory envelope. Thus, the resultant effect is that the ion's trajectory is roughly periodic with increasing and decreasing radii until sufficient resonant energy is added to accelerate it out of the electric field [2] (otherwise, an ion in such a situation can theoretically be trapped for an indefinite period). However, increasing the AC potential reduces frequency resolution, thus it would be helpful if the loss of resolution brought about by increasing the dipolar excitation energy could be offset by a resolution enhancement method. Circular rods also introduce greater complexity into the frequency power spectrum of the ion trajectory: additional frequencies may overlap with the fundamental secular frequency that may counteract any resolution enhancement methods. These additional frequencies occur as harmonics of the fundamental secular frequency and frequencies induced by the auxiliary AC for resonant excitation. Therefore, it is also critical to investigate the occurrence of resonances that are not due to the secular frequency of the ion by creating plots of ejection time versus frequency for prime ␤ values and resolution (FRP bandwidth) versus ␤ value. To the best of our knowledge, prior studies of nonlinear fields, dipolar AC excitation induced resonances, or other resonances not due to harmonics of an ion's fundamental secular frequency ( o ) for linear quadrupoles were first investigated in 2003 [2] . Previously, extensive theoretical and simulation studies of fields and resonance effects for Paul ion traps were published in two series of articles between 1989 and 1994 [8, [21] [22] [23] [24] [25] [26] [27] [28] [29] . Two of these articles discuss dipolar resonant excitation [8, 28] . Enhancement in resolution of dipolar excitation can be brought about by increasing the ␤ value via an increase in the amplitude of the main RF voltage. The bandwidth of an FRP at ␤ ϭ 2/3 is about half that of ␤ ϭ 1/4. However, increasing the ␤ value can have deleterious effects on the minimum m/z value of ions trapped; experimentally, operating at a higher ␤ value may lead to problems pertaining to ion storage, due to larger overall radii and higher secular frequencies of ions. As described in two manuscripts by Londry and Hager and Stott et al., a method was developed for increasing FRP resolution by varying the DC potential difference between the quadrupole rods and exit lens of a linear ion trap as a function of ion mass [17, 20] .
Konenkov made one of the first applications of prime periodic trajectories in mass spectrometry (personal communication with Nikolai Konenkov, 1998) . He postulated that ions of a single m/z value and appropriate axial velocity entering the inlet aperture of a quadrupole, and having a prime periodic trajectory, can selectively exit the quadrupole through the exit aperture excluding ions of similar m/z values.
Though practical restrictions on exit aperture diameter and axial velocity distribution limit the improvements in resolution, the principle is still applicable to explaining various facets of ion behavior in a quadrupole, such as the peak-splitting phenomenon described by Du et al. [30] . Another early application of prime periodic trajectories was made by Londry and March that illustrates the resolution enhancements attainable using prime ␤ values [31] . Experimental results showed that adjusting the phase of the auxiliary AC potential with respect to the main RF potential can improve the frequency resolution of an ion when it has a prime ␤ z value versus an ordinary ␤ z value. Resulting improvement in m/z resolution, i.e., decrease in m/z peak-width, was up to 20%.
In short, previous studies show that judicious choices of ␤ values and auxiliary dipole potentials, will maximize resonant resolution. Here, we report results of a systematic examination of resolution enhancement using prime ␤ values via computer simulations of the ion trajectory in a circular-rod quadrupole. Studies on deviations from ideality in ␤ versus frequency bandwidth and on FRPs versus the auxiliary AC angular frequency are also reported.
Methods
A custom simulation package, Sx32 version 11.0, developed at MDS SCIEX by one of us (FAL) was employed for ion trajectory calculations. Simulations were performed on a Dell Dimension 8300 PC with dual 3.0 GHz Pentium 4 processors. The Sx package uses the Excel (Microsoft Office 2000) graphical user interface (GUI) via Virtual Basic-programmed macros to interface input parameters with a C ϩϩ program, Rx32, that calculates trajectories; the output parameter values are then displayed with the Excel GUI (See [17] ). Each ion trajectory is calculated incrementally, by integrating the secondorder differential equation of motion, twenty times each RF cycle for 10 ms, or until the ion strikes a quadrupole rod. For a singly charged positive ion,
where r ជ is the position vector of the ion, e is the electronic charge, m is the mass of the ion, and E ជ is the electric field. When necessary, several mathematically distinct fields are superimposed within a single trajectory calculation by determining the vector sum of the contributing forces. eq. 1 is integrated numerically using Richardson extrapolation and the Bulirsch-Stoer method with adaptive size and error control [32] . The electric field is obtained by interpolating tabulated numerical solutions to the Laplace equation, as no analytical expression exists for the electric field created by a circular-rod quadrupole. The numerical solutions have previously been obtained using a relaxation solver developed in-house. Quadrupole rods of hyperbolic or circular geometry can be specified for either 20.0 cm or infinite length. Other geometries are also available. Dipolar and quadrupolar resonant excitation functions originating from hyperbolic or circular rods are also available. For the present study, the quadrupole was made infinitely long to initially eliminate ions interacting with the collision cell's fringing fields. Dipolar excitation was applied to the quadrupolar rods. The shortest distance between the quadrupolar axis and the rods, r 0 , was 4.695 mm and the radius of the circular rods, r r , was 4.17 mm. The ␤ parameter was used to determine the corresponding secular frequency of the ion motion. FRPs were plotted by varying the Mathieu equation's q stability parameter (a ϭ 0, see also the Theory section), and determining the duration of an ion of 609 Th (protonated reserpine) in the quadrupole, while a dipolar AC field was applied between one pair of opposing rods at a frequency resonant with the 609 Th ion. The FRPs were determined by averaging the ejection times of twenty ions with different, randomly chosen x, y, and z-coordinate velocity values at q-parameter values in intervals of 0.0001 to 0.0003, depending on the range of q-parameter values needed to describe the entire FRP peak. To measure the bandwidth for each FRP, the profile data points were least-squares fitted with a sixth-order polynomial, and the full width at half depth of the profile was determined. For the plotting of frequency bandwidth versus ␤, FRPs were determined at AC frequencies corresponding to several ␤ values surrounding and including a prime ␤ value. For the data presented in this manuscript, the q-parameter values have been converted to frequencies.
Theory
In most cases, the ion trajectory in the main quadrupole RF field has no apparent periodicity. Despite the welldefined set of frequencies in the power spectrum [33] , complicated phase shifts and dependence on initial conditions make trajectories aperiodic. However, this is not applicable to all cases. From Floquet's theorem [34] , it follows that, when the Mathieu characteristic exponent ␤͑a,q͒ [34] is a fraction n/p of integers, the solution to the Mathieu equation
is periodic and has a period of at most 4p/⍀. Here, a and q are dimensionless parameters and is dimensionless time. For the particular case of the RF-driven two-dimensional quadrupolar field, we have 4eU 
where r 0 is the rod-to-axis distance as defined above and ⍀ is the main RF angular frequency. Let us investigate the property of the solution to the Mathieu equation in detail: 
(the even and odd Mathieu functions, respectively) where the characteristic exponent ␤ depends on a and q (used without variables for brevity), and P() is a periodic function of the same period as that of the coefficients in the Mathieu equation (2), namely 2/⍀.
If the characteristic exponent ␤ is not an integer (not on a stability boundary), then the Floquet solutions are linearly independent and can be written in the form:
which has a Fourier transform with respect to of the form:
Here, ␦(x) represents the Dirac delta function and is replaced by t⍀ ր 2. Therefore, Fourier coefficients are non-zero only for k ϭ 0,Ϯ1,Ϯ2,. . .,, which defines the fundamental secular frequency of the ion's trajectory,
and the harmonics,
The ion motion in the quadrupole RF field can be considered as a superposition of macro and micro motions. Macro and micro motions contribute to the ion trajectory according to their amplitudes. Notice that the RF driving frequency ⍀ is not present in the power spectrum of the ion trajectory (see eq 7 and Figure 1 ).
Therefore, from eq 6 it follows that if ␤ is a rational fraction n/p, then the solution of the Mathieu equation is periodic and has a period of at most 4p/⍀. Therefore, for a periodic solution (which corresponds to a periodic trajectory), there is a simple relationship between RF driving frequency ⍀ and resonance frequency k :
. . (8) where n and p are the numerator and denominator of a rational fraction ␤ ϭ n ր p, respectively.
One
6 ), it is at least 4 · 10 6 ր ⍀.
In the power spectra for ␤ ϭ 1/2, the bandwidth of the ion's fundamental secular frequency is far narrower than those for ordinary ␤ values, such as 0.502912 and 0.5009139 (n/p ϭ 502,912/10 6 and 5009,139/10 7 , respectively). In addition, the relative intensity of the fundamental secular frequency, 0 , compared with the frequency background, is several orders of magnitude greater for the prime ␤ value than those for the ordinary ␤ values. The same is true for k . This decreased bandwidth and increased relative intensity should result in improved resonance resolution with an AC frequency applied to the quadrupole. In terms of Fourier transformation, this improvement in resolution occurs because an ion can complete more cycles within a given time interval. The motion of a pendulum can serve as a much simplified analogy to the radial motion of an ion in the quadrupole field. Just as in the case of a pendulum that has a force applied to it once per period synchronously with the pendulum's motion, the shorter the period, the faster will the height of the pendulum swing increase.
Let us consider a cosine waveform for dipolar excitation in the quadrupolar field. The equation of motion should be (assuming that the excitation is along the x axis):
Here ␣ is the phase shift between the AC (dipolar excitation) and the RF, and A is AC amplitude. The determination of the phase shift can be eliminated by employing the trigonometric equality: Therefore, the solution of eq 9 can be presented as a superposition of the transient eq 4 and "forced" solutions:
The new integration constant K can be determined easily, but this will not be elaborated here for brevity. The variable is an integration variable with an identity that is dependent on the upper limit of its corresponding integral. The integrals in the solution eq 10 deserve a closer look. Integrals of this type are analogous to Fourier integrals (integrals for Fourier coefficients). For AC ϭ 0 ϭ n⍀ 2p and t ϭ 4p/⍀ (over one period), the following relationships exist:
Integrals that are close to zero over one period will not contribute much over a long time interval; the integrals that are close to unity will contribute in every period and the contribution will accumulate proportionally to the time interval and the trajectory period. This analysis is one more proof of eq 7 with respect to resonant frequency AC . With these points in mind, solution eq 10 can be simplified:
Consider, for example, the integral
which is on interval ␥ ϭ 2 AC ⍀ ʦ͓0, 1͔ depends on the number of periods N of the prime trajectory as presented in Figure 2a for ␤ ϭ 0.5 (n/p ϭ 1/2, q ϭ 0.639315). It will take several RF periods for integral (eq13) to achieve a sharp resonance and, therefore, a shorter period should allow faster ion ejection. Therefore, for resonant conditions and prime trajectories the following integrals, (eq 14) and (eq 15), are virtually indistinguishable over the time interval of several periods of the prime trajectory: (15) and are presented in Figure 2b . From integrals (eq 11), (eq 14), and (eq 15) it follows that the amplitude of resonant trajectory increases linearly with the AC amplitude and time (or number of completed periods):
The prime trajectory has a similar dependence on time as any other trajectory, but its amplitude grows faster because the trajectory period is shorter. Although an ideal quadrupole field is convenient for theoretical consideration and the theoretical background offers us indispensable insight into resonant effects in the quadrupole field, practical implications should be evaluated employing a realistic circular-rod quadrupole assembly. The theory presented in this section applies strictly to the ideal quadrupolar fields and dipolar AC excitation created by ideal hyperbolic rods. Since quadrupoles with round rods are commercially available and are more common than hyperbolic rods, the Sx32 simulation package was used to explore the application of the theory presented here to quadrupoles with round-rod geometry.
Results and Discussion
To demonstrate the generally applicability of improving frequency resolution for resonant excitation and ejection of ions at prime ␤ values, the variation in the bandwidth of the FRP for the fundamental secular frequency of the 609 Th ion was determined in an interval around three prime ␤ values. For reference, a peak width of 1.0 Th corresponds to a 100 Hz bandwidth for the 609 Th ion. Figure 3a in a quadrupole cell with round rods and zero pressure around the prime ␤ values: 1/4, 1/2, and 2/3. In each case, a significant decrease in bandwidth is observed that is centered at or very close to the prime ␤ value, known as "stability holes", showing an improvement in resonant frequency resolution of 11.6 (Ϯ0.8) to 19 (Ϯ2)% compared with the baseline. The baseline was established by approximating a line through roughly linear portions of the data at the horizontal extrema of the measured ␤ values for that graph with uncertainty of approximately Ϯ5 Hz. In some cases, the presence of the higher-order fields due to the round rounds creates "stability peaks or mountains", where the resolution is significantly worse compared with the bandwidth baseline, overlapping the stability holes. These significant increases and decreases in bandwidth provide valuable knowledge for optimizing resonance resolution. It is unlikely that the phase relationship between the AC and RF waveforms would affect the position or magnitude of the stability mountains, as phase shift has little significance at zero pressure. Rod shape and positioning, which have a large effect on the contributions of higher-order fields within the quadrupole cell, are likely to be the most important in determining the position and magnitude of stability holes and mountains.
Simulations of a more limited extent were conducted at higher AC voltages. Table 1 shows that significant reductions in bandwidth occur at higher AC voltages as well. Consequently, the improvements in resolution obtainable by performing resonant excitation and ejection of ions can be realized at increased AC voltages, which allows for faster ejection times. This feature can be especially important in the presence of collision gas. The variations in bandwidth reduction with AC voltage and prime ␤ value do not show any clear and general trends. Again, changes in the AC voltage may make significant alterations in the bandwidth versus ␤ plot topography.
In the next stage of the investigation, the effects of prime ␤ values on the resonant ejection of the 609 Th ion in the presence of nitrogen collision gas were determined. Figure 4 demonstrates how the combination of collision gas and round rods acts to increase the ejection time and the FRP bandwidth at 0.2 mTorr versus 0.8 mTorr. The increased pressure at 0.8 mTorr greatly increases the ejection time for the 609 Th ion at AC voltages of 0.3, 0.4, and 0.5 V. The AC voltage must be increased up to 0.8 V to re-attain an ejection time less than 1 ms. Table 2 of FRPs for prime ␤ values at various pressures. At 0.2 mTorr, the time between ion-nitrogen collisions is about 25 s and a typical prime trajectory period for the 609 Th ion is about 7 s, so that the ion would complete about three prime trajectory periods between collisions. At the various pressures used in Table 2 with AC voltages of about 0.1V, we can see that significant improvements in resolution can be obtained at pressures less than 0.1 mTorr. At pressures of 0.1 mTorr and above, reductions in frequency bandwidth of less than 4.0 Hz or slight increases in bandwidth are observed. These results at higher pressures indicate that collisions occur on about the same time scale as the prime trajectory period at 0.1 mTorr. We expect that any changes in the topography of the FRP at higher pressures, which may explain the reduced resolution benefits of prime versus ordinary ␤ values, are due to randomizing effect of collisions on the ion trajectories.
With the exception of one value in Table 1 , bandwidth reductions of greater that 10 Hz were obtained at AC voltages from 0.3 to 0.5V. The frequency resolution benefits for resonant dipole excitation and ejection at prime versus ordinary ␤ values show the greatest potential for quadrupole cell pressures less than 0.1 mTorr. Although we speculate that the benefits of prime ␤ values may not be significant in Paul ion traps and nontrapping linear quadrupole collision cells, which operate at pressures above 0.1 mTorr, pressures in this range are routinely used with linear ion traps and linear quadrupole analyzers. As methodologies involving resonant excitation or ejection of ions drifting through nontrapping quadrupole cells have not found application in mass spectrometry, the results of this study have the greatest potential for linear quadrupole ion traps, which may be operated usefully at pressures below 0.1 mTorr [2] . At pressures above 0.1 mTorr, the phase of the ions trajectories and the influence of higher order fields become increasingly significant in influencing the FRP bandwidth. Further studies in correlation between phaselocking, rod shape, and rod position with the position and magnitude of stability holes and mountains in the bandwidth versus ␤ relationship may produce insights that will allow for the theory presented here to be extended to the higher pressures used in Paul traps and nontrapping linear quadrupole collision cells. The phase-locking of primary interest involves setting a fixed initial phase difference between the AC and the RF. The initial AC phase shift (␣*) is defined relative to a zero phase for RF. Figures 3 and 4 demonstrate the increasing influence of phase-locking on FRP resolution and peak shape with increasing pressure for ␤ ϭ 1/2. As shown in Figures 5a, b, and 6a , phase-locking has little effect on either resolution or shape of the FRP at zero pressure. However, for the FRP at higher pressures, such as the case for 0.8 mTorr of nitrogen gas in the quadrupole cell presented in Figures 5c, d , and 6b, the phase-locking between AC and RF significantly affects both the profile resolution and shape. Ultimately, one is able to achieve a much greater resolution via the correct phase-locking angle, in this case 180°Ͻ ␣* Ͻ 225, than random phase or an arbitrary phase-lock of, for example, ␣* ϭ 0. It is, however, beyond the scope and the intent of the current study to systematically determine how optimizing phase-locking or rod shape and position can improve the benefits of prime ␤ values at pressures above 0.1 mTorr.
Conclusions
Prime ␤ values provide at least 15 to 20% improvement in frequency resolution of resonant excitation ejection of ions, but excitation voltages must be carefully tuned and collision gas pressures must be less than 0.1 mTorr. The results of frequency response profiles at varying AC voltages show that Lower resonant excitation AC voltages can significantly improve resonant ejection resolution without significant loss of ejection efficiency. However, excessive gas pressure and round rods reduce average radial energy of resonant ions, resulting in reduced ejection efficiency and even failure of ejection. The combined effects of round rods and collision gas may require higher AC voltage to attain resonant ejection times that are short enough to be practical. The results of the present study also show that the resolution of FRPs can still benefit from prime ␤ values at AC voltages of up to at least 0.5 V. Frequency interference can occur during resonant excitation even in the absence of higher-order fields; carefully choosing the ␤ value for resonance can minimize loss of resolution due to interference frequencies.
Many areas of study may be pursued in the future. One possible avenue of investigation is determining the reasons for interference in FRPs. Figure 5e and f show the presence of peak doublets (split peak) in FRPs at certain phase angles (most notably at 315°for Figure 5c and 90 degrees for 5D), while the FRPs are singlet peaks at other angles. The reason why certain phase angles produce doublets in an FRP is unknown. The origin of the "stability mountains" in bandwidth versus ␤ plots overlapping "stability holes" at prime ␤ values is also unknown. Another area of interest would be better characterization of loss of resolution enhancement with increasing pressure, such as investigating shifts in "stability holes" with increasing pressure in regions of prime ␤ values using bandwidth versus ␤ plots. Additional features that should be studied are the effects of fringing fields at the entrance and the exit of the rods and those of varying the phase-lock shift of the AC voltage with respect to the RF voltage. 
